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40%；羰二亚胺活化碳纳米管对辅酶固定化量 大，使用 90 mg 载体对 22.5 µmol
辅酶进行固定化，对还原性辅酶 NADH 固定化量达到约 0.15 mg⋅mg-1，对氧化性
辅酶 NAD+ 的固定化量达到约 0.075 mg⋅mg-1。 
2. 进一步优化固定有辅酶 NAD+ 的壳聚糖、纳米二氧化硅、碳纳米管载体
对甘油脱氢酶的亲和固定化条件。载有辅酶的碳纳米管、壳聚糖微球和纳米二氧
化硅对 GDH 的固定化能力分别达到 0.4 g⋅g-1、0.1 g⋅g-1、0.24 mg⋅g-1。以壳聚糖为
载体，利用海藻酸修饰 NAD+ 法酶活力回收率达到 3.6%；以碳纳米管为载体，
利用 EDAC 活化法酶活力回收率达到 2.3%；以纳米二氧化硅为载体，利用环氧
修饰法，酶活力回收率仅为 0.28%；其中海藻酸修饰法有较好的应用前景。 
3. 通过对固定化辅酶与 GDH 亲和结合催化底物甘油的静态反应过程中游
离蛋白浓度的测定以及数据分析，提出 NAD+、甘油和 GDH 可能的催化反应新















化还原反应；反应结束后，部分 NADH 不和 GDH 分离。经验证，反应结束后部



















Nicotinamide adenine dinucleotide，as an important class of coenzyme, plays an 
important  role in variety of cellular oxidoreductase catalytic reaction, Including 
glycolysis, cellular respiration and other reaction pathways.  
NAD(H) is expensive, easy to dissolve in water, leading to the difficulty of its 
recovery, which is the "bottleneck" factor of the large-scale industrial application with 
oxidoreductase. In this paper, we attempt to combine co-immobilization technology 
with coenzyme regeneration, for the expansion of industrial applications of 
oxidoreductase. 
Taken glycerol dehydrogenase (GDH) as example, this paper uses chitosan, 
nano-silica and carbon nanotubes as non-water soluble carrier. Combined with 
alginate modification, epoxy modification, glutaraldehyde, carbonyl imine and other 
activation methods, coenzyme was immobilized and the immobilization conditions 
were optimized. It makes NAD+ and GDH Co-immobilization achieved with the 
absorption between NAD+ and GDH. Finally, the co-immobilization conditions and 
catalytic mechanism were investigated. 
1. Chitosan, nano silica, carbon nanotubes as carrier were investigated in different 
initial coenzyme concentration, pH, temperature, ionic strength and stirring speed. 
The immobilization rate decreased gradually with glutaraldehyde, Activation of 
carbonyl diimine, alginate modification, epoxy modification; The residual activity 















than 40% with carbonyl diimine modified. The carbonyl diimine modified carbon 
nanotubes have the largest immobilized amount, which is about 0.15 mg/mg for 
NADH, 0.075 mg/mg for NAD+, respectively. 
2. Further investigation was carried out about the immobilization condition with 
coenzyme NAD+ as the ligand of chitosan, nano silica and carbon nanotubes carrier. 
Optimal condition is obtained: the initial concentration of GDH enzyme protein is 
greater than 2.5 mgmL-1, pH 9.0-11.0, low ionic strength, 25 ℃, 200 rpm stirring 8 h 
or more. The amount of GDH enzyme immobilization using carbon nanotubes, 
chitosan microspheres and nano-silica with immobilized coenzyme decreases 
gradually, about 0.4 g/g, 0.1 g/g, 0.24 mg/g, respectively. Alginate modifing method 
and EDAC activation have greater binding amount of enzyme protein and higher 
enzyme activity recovery than epoxy method, which has 3.6%, 2.3% residual activity, 
respectively. 
3. During the binding and catalytic reaction of NAD+ and GDH with substrate 
joined, the free enzyme protein concentration was periodically detected, while the 
catalytic mechanism is discussed through data analysis. The possible mechanism is 
proposed: during the catalytic reaction process, NAD+ and GDH are combined, the 
reaction is catalyzed through H+ transmission; partial GDH protain separate from 
NADH after reaction to form an adsorption equilibrium. To this end, column reaction 
experiments was designed to verify it. 
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1.1.1  辅酶Ⅰ的性质 




















NAD+ 在氧化途径中是电子受体，而 NADH 在还原途径是电子供体。烟酰







图 1-1 NAD+与 NADH 的转化 
Fig. 1-1 The transformation of NAD+ and NADH 
而 NADH 则会作为氢的载体，在呼吸链中通过化学渗透偶联的方式，合成
ATP。 
         
    图 1-2 NAD+和 NADH 的紫外吸光特征 

















图 1-2，NADH 在 260 nm 和 340 nm 处各有一吸收峰，而 NAD+ 则只有 260 nm
一处吸收峰，这是区别两者的重要属性，是测量它们代谢率的物理依据[9]。NAD+
在 260 nm 的吸光系数为 1.78×10 L·(mol·cm)-1，而 NADH 在 340nm 的吸光系数
为 6.2×10 L·(mol·cm)-1。 
1.1.2  辅酶的再生 
大部分氧化还原酶催化作用的发挥需要烟酰型辅酶 [NAD(P)+，NAD(P)H] 
的参与，它在酶促反应中与酶蛋白结合，并作为氧化剂或还原剂直接参与反应。
然而，NAD(P)+ 和 NAD(P)H 的价格昂贵，通常比酶促反应所得产物要贵得多。
因此，从技术经济性的角度来看，对辅酶进行再生并循环使用是很有必要的。此
外，辅酶再生能够简化产物的分离，并有利于酶促反应向正反应方向移动。 








再生的 新研究进展综述论文发表在《Current Opinion in Biotechnology》杂志上
[11,12]，表明辅酶再生已经受到极大重视。 




































再生 NADH，它已达到工业技术水平，变异的 FDH 也能够有效地再生 NADPH。
利用 NADH 氧化酶再生 NAD+ 由于其操作简单、产物容易分离因而具有广阔的
前景。 
辅酶的酶法再生包括底物偶联法[18]和酶偶联法[19]（图 1-3）。对于底物偶联
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